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Abstract
F1Fo ATP synthases generate ATP by a rotary catalytic mechanism in which H
+ transport is coupled to rotation of a ring of c subunits
within the transmembrane sector of the enzyme. Protons bind to and then are released from the aspartyl-61 residue of subunit c at the center
of the membrane. Proton access channels to and from aspartyl-61 are thought to form in subunit a of the Fo sector. Here, we summarize new
information on the structural organization of subunit a and the mapping of aqueous accessible residues in the fourth and fifth transmembrane
helices (TMHs). Cysteine substituted residues, lying on opposite faces of aTMH-4, preferentially react with either N-ethyl-maleimide (NEM)
or Ag + . We propose that aTMH-4 rotates to alternately expose each helical face to aspartyl-61 of subunit c during the proton transport cycle.
The concerted helical rotation of aTMH-4 and cTMH-2 are proposed to be coupled to the stepwise mechanical movement of the c-rotor.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
H+ -transporting, F1Fo-type ATP synthases utilize a trans-
membrane H + potential to drive ATP formation by a rotary
catalytic mechanism [1]. ATP is formed in the F1 sector of
the enzyme, synthesis being driven by rotation of the g
subunit between three alternating catalytic sites (Fig. 1).
Recent evidence now supports a mechanism in which H +
transport drives rotation of an oligomeric ring of 10 c
subunits in the Fo sector of the enzyme, which in turn is
coupled to rotation of subunit g [3–6]. In such a model [7–
9], the sequential protonation and deprotonation of Asp-61
of subunit c is coupled with a stepwise movement of the
rotor (Fig. 1). Protons are thought to gain access to Asp-61
in the center of the membrane via access channels that are
presumed to be located in subunit a. The g subunit is forced
to turn with the c-ring due to an apparently permanent
binding between the g and q subunits of F1 and a set of c
subunits of the ring [6]. In this review, we will summarize
recent studies that bear on the mechanism of c-ring rotation.
Subunit c folds in the membrane as a hairpin of two
extended transmembrane helices (TMHs) with the proton
carrying Asp-61 centered in the second TMH. An NMR
structure of the purified monomeric protein depicts the
predicted helical hairpin with interhelical residue interac-
tions in accord with those predicted for the protein in situ
[10]. The NMR model is now supported by an extensive
set of disulfide cross-links between cysteine residues
introduced genetically into subunit c [11]. The cross-link-
ing data also permitted modeling of the c-ring [12,13].
The number of c subunits in the ring is still debated, but
our most recent experiments suggest that the preferred
number in Escherichia coli is 10 [14]. The cross-link-
based models of the c-oligomer show a ring of subunits
with TMH-1 on the inside and TMH-2 on the outside. The
placement of TMH-2 on the outside is supported by other
cross-linking studies in which TMH-4 of subunit a can be
cross-linked to cTMH-2 at multiple points over a span of
19 amino acid residues [15]. No cross-links have been
detected between cTMH-1 and subunit a in 25 double-Cys
mutants tested (unpublished). The NMR structure and c-
ring models are now supported by direct crystallographic
observations of a mitochondrial F1–c10 subcomplex at 3.9
A˚ resolution [16].
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In the model of the c-ring, the H + -carrying carboxyl of
subunit c is occluded between neighboring subunits. The
subunits are arranged, with an ellipsoid-like cross section,
where the Asp-61 side chain at the ‘‘front’’ side of one
subunit packs at the ‘‘back’’ face of the next subunit. In
order for protons to gain access to Asp-61 during the H + -
transport cycle, we have proposed that the outer, Asp-61-
bearing TMH-2s of the c-ring must turn or swivel to allow
interaction with the aArg-210 residue, which is hypothe-
sized to lower the pKa of cAsp-61 to enable ionization and
H + release to the exit channel. Subunit a folds in the
membrane with five TMHs [17–19] Residue aArg-210
resides within aTMH-4, which is the TMH that can be
cross-linked to cTMH-2 [15]. In this review, we present
evidence that TMHs of subunit a may have to rotate to gate
movement of H + from the entrance and exit channels. In
addition, we will consider NMR structures of subunit c in
several states, which likely bear on the mechanism. Finally,
we propose a current model for the mechanism by which
H + -transport, and concerted helical rotations in subunits c
and a, are linked to the stepwise rotational movement of the
c-rotor.
2. Arrangement of TMHs in subunit a
A model for the cross-sectional arrangement of four of
the five TMHs of subunit a is shown in Fig. 2. The model
is based on theoretical helical wheels for the defined
TMHs and a series of second site suppressor mutations
that restore function in primary mutants (Table 1). The
second site suppressor pairs could indicate a physical
juxtaposition of interacting residues. The mutational pairs
that fit the model well are: aG218K or aG218D in TMH-
4 with aH245G in TMH-5, aE219C in TMH-4 with
aA145E in TMH-3, and aH245C in TMH-5 with
aD119H in TMH-2. In addition, a close proximity of
aE219 to aH245 was suggested by analysis of an
aE219H/aH245E double mutant, the combination of muta-
tions exhibiting greater function than that shown by either
of the single mutations separately [23]. The aR210Q/
aQ252R suppressor pair fits the model less well. Rastogi
and Girvin [13] have used the same data set as distance
constraints in molecular mechanics and energy minimiza-
tion calculations to generate a three-dimensional model for
TMH interaction. Neither the model shown in Fig. 2 nor
the model of Rastogi and Girvin [13] provide an explan-
ation for the location of a more recently described
suppressor pair aG213N/aL251V [21], or the suppression
of the aG213N mutation by the D61E substitution in
subunit c [21]. Despite some conflicting evidence, we
believe that the arrangement shown is a good working
model and have recently generated supporting evidence by
disulfide cross-linking of cysteine residues substituted in
the vicinity of the second-site-suppressor mutational pairs.
Cysteine at aG218C can be cross-linked by oxidation to
cysteine substituted at aD119C or aL120C (B. Schwem,
T. Isenbarger and R. Fillingame, unpublished).
3. Aqueous access channels in subunit a
We have used N-ethyl-maleimide (NEM) as a probe of
aqueous accessibility of cysteine substituted into a contin-
uous stretch of residues 206–224 of aTMH4 (C.M. Ange-
vine and R.H. Fillingame, in preparation). NEM reacts with
the ionized thiol group, and hence reactive residues are
presumed to reside in a polar, aqueous-accessible environ-
ment. NEM was found to preferentially inhibit ATPase
coupled H + -transport, and passive Fo-mediated H
+ -trans-
port, in membrane vesicles from the aS206C and aN214C
mutants. Additionally, direct labeling with [14C]NEM dem-
onstrated reactivity of the aR210C residue, the mutation by
itself causing loss of function. Other residues in aTMH-4
proved to be considerably less reactive. Residues 206, 210
and 214 lie on one face of the postulated transmembrane a-
helix, residue 206 likely lying at cytoplasmic border
between the fatty acyl and polar head group region of the
phospholipid bilayer [17]. The results most simply suggest
aqueous access from the cytoplasm to the central core of
Fig. 1. Rotary model for how E. coli F1Fo ATP synthase catalyzes formation
of ATP (adapted from Ref. [2]). Rotation of the c10 oligomeric ring is driven
by the proton-motive force. Protons enter the assembly through the
periplasmic inlet channel and bind to the Asp-61 carboxylate (open circle).
The protonated binding site (filled circle) then moves from the a1b2 stator
component towards the lipid phase of the membrane where, after 10 steps, it
reaches an outlet channel on the cytoplasmic side of the membrane to
release the proton. The g and q subunits are proposed to remain fixed to the
top of one set of c-subunits so that rotation of the rotor also drives rotation
of subunit g within the a3h3 subunits of F1 to cause release of ATP from the
alternating catalytic sites. The b2 and y subunits of the stator hold the a3h3
subunits in a fixed position as the g subunit turns within to drive ATP
synthesis.
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subunit a via these and perhaps other residues. Hydropathy
analysis and other information would place residue 214
toward the center of the lipid bilayer, when viewed in cross-
section [17].
We have also used Ag + as a probe of aqueous accessi-
bility using same set of Cys-substituted aTMH-4 mutants.
Ag + is thought to react as a Lewis acid with the thiolate
group to form a covalent bond. Ag + has an ionic radius
approximating that of H3O
+ , or Na + , which may make it an
ideal probe of such access channels. The NEM-sensitive
mutants, aS206C and aN214C, also proved to be inhibited
by Ag + . More surprisingly, a number of mutants that were
NEM-insensitive showed striking inhibition when treated
with Ag + . The two mutants showing the greatest sensitivity
to Ag + , aM215C and aG218C, were totally resistant to
inhibition by NEM. These residues fall towards the center of
the four-helix bundle shown in Fig. 2, and lie opposite to
the helical face for residues 206, 210 and 214. Four other
Cys-substituted mutants were also inhibited by Ag + , but
were considerably less sensitive than the aM215C and
aG218C mutants. These mutants, the aY216C, aA217C,
aE219C and aL220C, were also NEM-insensitive. In sum-
mary, the Ag + sensitive residues are aS206C, at the cyto-
plasmic face of the membrane, and the continuous stretch of
residues 214–220 extending from the center of the mem-
brane towards the periplasmic surface. We think it possible
that Ag + gains access to these residues via an aqueous
pathway from the periplasmic side of the membrane. Since
seven continuous residues show varying degrees of Ag +
sensitivity, we suggest that this region of aTMH4 may be
mobile and that the aqueous accessible face could change
over the time course of the reaction.
The Ag + accessible pocket in subunit a apparently
bridges space between aTMH4 and aTMH5. As modeled
in Fig. 2, the most Ag + -sensitive residues of aTMH4 lie
directly opposite aHis-245. To test whether the Ag + acces-
sible cavity extends between these two TMHs, we examined
the suppressed aH245C/aD119H double mutant (Table 1),
and found that ATPase coupled H + -transport was abolished
by Ag + . In future studies, we will focus on other Cys
substitutions in aTMH5 to further map the size of the
pocket.
4. Evidence for rotation of TMH2 of subunit c
In the NMR structure of subunit c at pH 5 [10], and in the
oligomeric model for the c-ring [12], residues 62, 65 and
69 lie on the face of cTMH-2 packing towards cTMH1
Fig. 2. Cross-sectional model of subunit a complexed with three c subunits of the c-ring. TMH-1 of subunit a is not shown. The relative positions of second site
suppressor pairs are indicated. NEM-sensitive residues in aTMH-4 are shown in red, and Ag + -sensitive residues in aTMH-4 and aTMH-5 are shown in green.
The cross-linkable faces of aTMH-4 and cTMH-2 are shown in yellow. The positions of the cAsp-61 and aArg-210 side chains are indicated.
Table 1
Second site suppressor mutational pairs in subunit a
Primary mutation Suppressor mutation Reference
aR210Q (TMH-4) aQ252R (TMH-5) [20]
aG213N (TMH-4) aL251V (TMH-5) [21]
aG218K (TMH-4) aH245G (TMH-5) [22]
aG218D (TMH-4) aH245G (TMH-5) [22]
aE219C (TMH-4) aA145E (TMH-3) [17]
aH245C (TMH-5) aD119H (TMH-2) [17]
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(Fig. 2) Unexpectedly, it was this face of cTMH2 that was
found to form high yield Cys–Cys cross-links with
aTMH4 in a series of mutants in which Cys was substituted
into both helices [15]. For example, residue aN214C was
found to cross-link to either residue cA62C or residue
cM65C in high yield. Another high-yield cross-link was
formed between aI221C and cG69C. In this case, the
cG69C mutation resulted in a loss of function, and if the
structure of the mutant protein had been perturbed, a
proximal positioning of residues might not apply to the
native protein. We screened for second site suppressors
with the cG69C mutant and remarkably found the second
site suppressing mutation to be aL221H, i.e. in the same
residue as that of the cross-linkable pair. The new cG69C/
aI221H suppressor pair suggests that the residues may
interact in a functional way. The cross-linking pattern and
predicted residue interactions, including cAsp-61 with
aR210, could be explained if cTMH2 revolved during the
course of function.
Rastogi and Girvin [13] solved the NMR structure of
subunit c at pH 8 under conditions where cAsp-61 was
known to ionize. A previous study had indicated that major
structural changes occurred over the pH range in which
aspartyl-61 was titrated [24]. The new, pH 8 structure
revealed a 140j clockwise rotation of cTMH-2 relative to
cTMH-1 in the pH 5 structure (see Fig. 3A vs. B). In the pH
5 structure, the Asp-61 side chain packs on the front face of
the molecule where it is thought to interact with back side
residues of adjacent subunits of the c-ring to form a proton
or cation binding site [10,12]. In the pH 8 structure, TMH2
is rotated such that the Asp-61 side chain projects from the
back side of the structure. The new structure with cTMH2
rotated proves to fit nicely with the a–c cross-linking data
of Jiang and Fillingame [15], discussed above, and we think
it is reasonable to assume that this may be the form of the
protein that cross-links in situ. A novel model was proposed
in which ionization of Asp-61 provoked a partial revolution
of cTMH2, which was then reversed on reprotonation. In
the model, the helical movements were proposed to be
coupled to the stepwise rotation of the c-oligomeric ring
[13]. We will consider this model further in the last section
of this review.
5. Mechanistic hints from NMR structure of Asp-24Asn-
61 substituted subunit c
We have recently solved the structure of an aspartate-
interchange mutant in which the essential Asp is moved
from position 61 in TMH-2 to position 24 in TMH-1 [25].
The mutant is functional [26,27], and second site suppres-
sors mapping to aTMH4 further enhance function [28]. The
structure of the Asp-interchange protein is of considerable
interest because retention of function in the various mutants
implies a functional interaction between cTMH-1 and
aTMH-4. Further, in the recent rotary models discussed
by both Rastogi and Girvin [13] and Fillingame et al. [29],
which are considered below, the interaction between cAsp-
61 and aR210 is proposed to take place after a swiveling of
cTMH-2 to the position shown in the pH 8 NMR structure.
These models do not explain how the Asp-24 side chain in
the cD24N61 subunit would gain similar access to aArg-
210.
The structure of cD24N61 subunit c was solved at pH 5
under conditions where Asp-24 was fully protonated [25]
(Fig. 3C). Remarkably, the structure strongly resembles that
of the wild type protein at pH 8 (Fig. 3B). Relative to the
wild type protein at pH 5 (Fig. 3A), TMH-2 has swiveled
Fig. 3. Cross-sectional view of central region of TMH-1 and TMH-2 in the NMR structures of subunit c. (A) Wild type subunit c at pH 5 with
positions of Ala-24 and Asp-61 side chains indicated. The protonated Asp-61 side chain packs at the face designated ‘‘front’’. (B) Wild type subunit c
at pH 8 with positions of Ala-24 and Asp-61 side chains indicated. In this structure, the ionized Asp-61 side chain now packs at the ‘‘back’’ face. (C)
D24N61 subunit c at pH5. In this structure, the protonated Asp-24 side chain packs at the front face and the Asn-61 side chain packs at the back
face.
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clockwise such that Asn-61 packs at the back of the
structure with TMH-1 rotated enough in the opposite
direction to allow the Asp-24 side chain to pack at the front
of the molecule. The new structure suggests that the
swiveling of cTMH-2, as in the pH 8 structure, is not
necessarily dictated by the protonation state of the essential
carboxyl group. Further, it supports the idea that the
swiveling of cTMH-2 between the two conformational
states may be an important step in the mechanism. We have
proposed a model for a cD24N61 oligomeric ring based
upon individual best fit overlays of TMH-1 and TMH-2 to
the wild type ring [25]. Although the relative orientation of
Fig. 4. H + -transport coupled with the concerted turning of TMHs drives the stepwise movement of the c-rotor. The model presented is for wild type subunit c.
Step 1: The centrally positioned cTMH2 turns clockwise with a protonated Asp-61 and aArg-210 moves to a proximal position. Step 2: aArg-210 lowers the
pKa of the Asp-61 carboxyl group to cause deprotonation and release of the H
+ to the cytoplasmic exit channel. Step 3: aTMH-4 and aTMH-5 swivel against
each other to move aArg-210 away from cAsp-61 and expose the ionized carboxylate to the Ag + -sensitive H + access channel. Step 4: The high pKa form of
Asp-61 is reprotonated from the periplasmic side via H + in the Ag + -sensitive channel. Step 5: Concerted turning of four TMHs returns helices to positions
shown after step 1, and a stepwise translocation of the rotor. The subunit with cTMH-2 rotated is now subunit cW, and the original centrally located subunit c has
moved to the position occupied by subunit cV in the initial state.
R.H. Fillingame et al. / Biochimica et Biophysica Acta 1555 (2002) 29–36 33
subunits was displaced somewhat from that in the wild type
ring, the functional Asp-24 carboxylate side chain was
packed at the same relative position between subunits.
Possible mechanisms for how the cD24N61 protein may
function in driving stepwise rotation of the c-ring are
considered below.
6. Application of new insights to possible mechanisms of
c-ring rotation
We think it likely that the rotation of cTMH-2 between
the two general states seen in the NMR structures is some-
how linked to the stepwise rotary movement of the c-ring
Fig. 5. Adaptation of wild type model for concerted TMH rotation driving c-rotor movement with D24N61 subunit c. The model assumes that cTMH2 swivels
between two states, as in the case of wild type, and the scheme begins with Asn-61 at the opposite face to that seen in the NMR structure. Step 1: TMH-1 and
TMH-2 of the centrally positioned c swivel against each other to bring both Asp-24 and Asn-61 into position for deprotonation with aArg-210 moving to a
proximal position. Step 2: aArg-210 lowers the pKa of Asp-24 to cause deprotonation and release of the H
+ to the cytoplasmic exit channel. Step 3: aTMH-4
and aTMH-5 swivel against each other to move aArg-210 away from cAsp-24 and expose the ionized carboxylate to the Ag + -sensitive, H + -access channel.
Step 4: The high pKa form of Asp-24 is reprotonated from the periplasmic side and reprotonation causes clockwise rotation of cTMH-1 back to its original
position. At this point, the structure of the central subunit c mimics the NMR structure at pH 5. Step 5: A concerted turning of four TMHs, identical to that
occurring with wild type, returns helices to positions shown after step 1, and a stepwise translocation of the rotor. The subunit with cTMH-2 rotated is now
subunit cW, and the original centrally located subunit c has moved to the position occupied by subunit cV in the initial state.
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relative to the a1b2 stator [29]. Rastogi and Girvin [13] have
proposed a detailed structural model wherein rotational
movement of cTMH-2 of one of the c-ring subunits is
coupled with the movement of aArg-210 from the interface
of one c-subunit pair to the next. From the structural model,
proton pathways in subunit a were also suggested, although
the mechanism of gating proton movement was not speci-
fied. A modified version of the Rastogi and Girvin model is
shown in Fig. 4. In the first frame, all subunits are in their
pH 5 conformation. During step 1, cTMH-2 with Asp-61
protonated revolves by 140j in the clockwise direction. The
forces driving the helical rotation are discussed below. The
helical movement enables interaction of aArg-210 with
cAsp-61, which lowers the pKa of the essential carboxylate,
and following ionization of Asp-61, the proton exits to the
cytoplasmic side of the membrane via the aSer-206, NEM-
sensitive exit channel (step 2). At this point, the aArg-210
side chain must move from the vicinity of the Asp-61
carboxylate such that the pKa can rise to permit reprotona-
tion from the periplasmic surface. The movement of the
aArg-210 side chain is envisioned as being coupled to the
simultaneous rotation of segments of aTMH-4 and aTMH-5
with a resultant exposure of cAsp-61 to protons entering
from the Ag + -sensitive cavity bounded by aGly-218 and
aMet-215 in aTMH-4, and aHis-245 in aTMH5 (step 3). At
this point, the H + electrochemical potential drives reproto-
nation of the Asp-61 carboxylate via the periplasmic, Ag + -
sensitive channel (step 4) to generate a metastable confor-
mation of the a–c subunit complex. In the final step (step
5), the concerted rotation of four TMHs, in a manner akin to
the meshing of rotating gears, leads to a return of the TMHs
to the original position as in the pH 5 structure, and the
translocation of the c-ring such that subunit cW moves into
the position of the original subunit c. Note that in the same
step, TMH-2 of subunit cW rotates to the position seen in the
pH 8 structure. For subunit cW, step 5 is equivalent to step 1
for the original, centrally located subunit c in Fig. 4. The
driving force for the helical rotation of cTMH-2 in step 5 or
step 1 is ascribed to the concerted rearrangement of all four
TMHs, the entire series of movements being coupled to
proton transport driven by the proton-motive force.
There are several key difference between the model
presented in Fig. 4 and the model of Rastogi and Girvin
[13]. First, TMH-2 is shown to rotate with Asp-61 proto-
nated, based upon precedent of the cD24N61 NMR struc-
ture, and this rotation brings Asp-61 into proximity of
aArg-210 where its pKa is lowered to facilitate deprotona-
tion. In the Rastogi and Girvin model, the ionization of
Asp-61 is suggested to cause the structural changes leading
to cTMH-2 rotation. Second, Rastogi and Girvin [13], and
Fillingame et al. [29] elsewhere, have suggested that
cTMH-2 may turn in a counterclockwise direction by
220j to expose the Asp-61 side chain to the periphery of
the ring. Since an exposure of the essential aspartyl side
chain to the very periphery of the ring is highly unlikely in
the cD24N61 interchange mutant, a lesser rotation of 140j
in the clockwise direction is suggested in the model
presented here.
We have tried to apply the principles of the model to an
explanation of the function of the cD24N61 mutant and the
cD24N61 NMR structure. Such a model is shown in Fig. 5.
In this case, we begin with an arrangement of helices as in
the pH 5 wild type structure. In step 1, TMH-2 rotates as in
the wild type model, but the movement occurs with a
concerted swiveling of helices, and the movement of both
the Asp-24 and Asn-61 side chains to the back of the
molecule. This would place the Asp-24 side chain in the
same pocket and in same relative position as the Asp-61 side
chain of wild type in the same state. In step 2 the aArg-210
residue would lower the pKa of Asp-24 to cause its
deprotonation, and in step 3, aArg-210 would move away
by a rotation of helices aTMH-4 and aTMH-5 to expose
cAsp-24 to reprotonation from the Ag + -sensitive pocket. In
step 4, reprotonation of cAsp24 of helix c1 would allow its
rotation back to the original position at the front face of the
molecule. Following step 4, the subunit c at the central
position in Fig. 5 would be in the same conformation and
protonation state as seen with the NMR structure of the
protonated cD24N61 monomer at pH 5. In step 5, the
concerted movement of the same four TMHs, as seen in
wild type, would result in a stepwise translocation of the
rotor with the simultaneous turning of TMH c2W, as seen in
step 1 for the central subunit c.
The major difference between the models for the wild
type and cD24N61 subunits is that the turning of helix cW is
accompanied by a concerted swiveling of helix c1W in the
case of the cD24N61 subunit. Conceivably, such a swivel-
ing of helices might also occur in the case of wild type. If a
concerted turning of helices does occur in wild type, it must
occur with a second swivel point located near the cIle-30
side chain at the inner surface of the ring. Our reasoning
here is that high yield cross-linked dimers can be formed
with the cI30C mutant, and cross-link formation results in
minimal perturbation of function [14]. The cD24N61 mutant
may prove to be more sensitive to such cross-linking. We
have previously suggested an alternative model for the
cD24N61 ring in which cTMH-1 does not swivel [25]. In
this case, movement of aArg-210 between subunits results
in deprotonation of cAsp-24 at the front face of the helix
called c1V in Fig. 5. We view the varying models as being
testable, working hypotheses and expect they will change
with new experimental information and structures.
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